Nowadays, the combination of diagnosis and therapy, known as theranostics, is one of the keys for an optimal treatment for cancer diseases. Theranostics can be significantly improved by incorporating metallic nanoparticles that are specifically delivered and accumulated in cancerous tissue. In this context, precise knowledge about dosimetric effects in nanoparticle-infused tissues as well as the detection and processing of emerging radiation are extremely important issues. In the last years the first studies on theranostic nanomaterials in gel dosimetry have been presented but there is still a broad field of study to explore. Most of gel dosimetric materials are extremely sensible to modifications in their composition, the addition of enhancers, metallic or inorganic charges can alter their stability and dosimetric properties; therefore, thorough studies must be made before the incorporation of any type of modifier. In this work, the synthesis of metallic nanoparticles suitable for gel dosimetry for x-ray applications is presented. A green synthesis process of silver nanoparticles coated with porcine skin gelatin by thermal reduction of silver nitrate is presented. * Corresponding author
Introduction
Relevance of nanomaterials has exponentially grown in the last twenty years in almost all health, industrial, food industry and other applications [1, 2, 3, 4] .
In particular, the inclusion of nanotechnology in medicine has been an area with great impact and interest in the past years [5, 6] . Nanoparticles technol-5 ogy has been proposed and used in medical applications such as drug delivery, antimicrobial agents, tissue engineering and theranostics [7, 8, 9] . Noble metals nanoparticles have particular interest in biomedicine due to its high atomic number, compared to soft tissue, allowing characteristic X-rays to be detected outside the body [10] . Due to fluorescent emission excited in metallic nanopar- 10 ticles by incident X-rays, it is possible to determine nanoparticle location and spatial distribution within an irradiated volume [11] , thus improving medical practices by increasing image contrast [12] and producing local dose enhancement [13, 14] .
Precise knowledge of the dosimetric effects due to the presence of nanopar-15 ticles becomes mandatory before considering their implementation in radiology applications. For that purpose, gel dosimetry represents a promising tool due to its three-dimensional capability and tissue equivalence [15] . Furthermore, the addition of inorganic salts and particles could turn gel dosimeters unstable [16] and the compatibilization of the nanoparticles with the dosimetric material 20 must be considered in the material design. There are many methods for the production and desing of nanoparticles, most of them are generally costly, energy intensive or harmful to human and environment. Therefore, environmentally friendly procedures should be developed [17] . For example, the use of stabilizers plays an important role in the control of metallic nanoparticles formation 25 during the synthesis process [18] , which also provides some degree of compatibility with typical dosimetry materials. Other authors use different materials for the synthesis and for the stabilization of the final products, like sodium borohydride and chitosan respectively [19] , that could be not entirely environmentally friendly. In this work, a green method in which porcine skin collagen is used as 30 reducing and stabilizing agent in the silver nanoparticles (Ag NPs) synthesis.
The gelatin amino groups act as nucleation centers for silver ions reduction and the structural conformation of gelatin gives stability to the colloidal system of nanoparticles. In this way, the stabilizing agent already present in the dosimeter exhibits less interactions and alterations of the Fricke gel dosimeters. The 35 most significant variables considered hereby for the nanoparticles synthesis are the reagents concentrations and the reaction time. The influence of these variables on the nanoparticles dimensions, size distribution and reaction yield was evaluated in this study.
In summary, the main goal of this work is to synthesize Ag NPs in porcine 40 skin gelatin for theranostics applications and to evaluate the synthesis conditions to obtain suitable nanoparticles for Fricke gel dosimetry.
Experimental

Nanoparticles synthesis
For the synthesis of Ag NPs, an aqueous solution of gelatin (250 Bloom 45 purchased from Sigma Aldrich, Saint Louis, MO, USA) and an aqueous solution of silver nitrate (99.9 % acquired from Prodesa S.C.A., Buenos Aires, Argentina) were mixed to obtain the desired final concentration. Firstly, the gelatin solution was kept at 35 during 20 minutes with continuous stirring. Then, both solutions were mixed and stirred for 60 minutes at room temperature without 50 any exposition to light. Once a homogeneous solution was obtained, reactors Table 1 . The gelatin concentration effect was studied in experiments G1 to G6, the reaction time effect in experiments G1-T1 to G1-T3 and in experiments G2-T1 to G2-T3, and the silver nitrate concentration effect in experiments A1 to A3.
Purification process
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A post-reaction purification process was necessary to eliminate the remaining silver ions from the products for their further use in Fricke gel dosimetry [16] .
For this purpose, 5 mL of the synthesis product containing a mixture of Ag NPs, silver ions and gelatin was dialyzed during a total time of 45 hours in 500 mL.
Milli-Q grade water was used in the dialysis process replacing it periodically, 65 at least four times. Benzoylated dialysis tubing with a 2000 molecular weight cutoff (MWCO) purchased from Sigma Aldrich (D7884) was used. Afterwards, a lyophilization process was carried at -48 and 0.01 mbar for 24 hours (L-T8 RIFICOR, Argentina), obtaining a dry product without altering the morphology of the gelatin-silver complex material. 
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Reaction yield estimation method
The yield of the nanoparticles synthesis was determined by a quantification consisting on obtaining the concentration of the unreacted silver ions in the final product with ascorbic acid (p.a. from Anedra, Argentina). A sample was mixed with a solution of ascorbic acid in acetic acid buffer with a pH of 4 at 25 to reduce the silver ions according to the following stoichiometry:
The obtained Ag NPs suspension was then centrifuged in a Rolco CM-2050 (Argentina) to separate the metallic silver from the ascorbic acid solution and the remaining ascorbic acid concentration was measured by UV-Vis spectroscopy in a Shimadzu UV-1800 spectrophotometer (Japan). A detailed method descrip-
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tion was included as supplementary information in Appendix A.
TEM images analysis
Nanoparticles size distribution and morphology were characterized by transmission electron microscopy (TEM), using a JEM-JOEL 1200-EX II TEM mi- 
UV-Vis spectroscopy
A Shimadzu UV-1800 spectrophotometer was used to measure extinction 95 signal of Ag NPs in an aqueous solution. Samples were placed in quartz spectroscopy cuvettes and measured from 200 to 1100 nm at room temperature. All reaction samples were diluted in milli-Q water with the same volume ratio used in the TEM analysis. The characteristic band of surface plasmon resonance was studied from the obtained spectra. 
Dynamic light scattering
A Delsa Nano C Particle Analyzer (Beckman Coulter Inc., Brea, CA, USA), was used for the dynamic light scattering (DLS) characterization of the gelatin macromolecular structure. Measurements were made by placing the diluted samples in quartz vials at room temperature. Two hundred scans were made 105 and averaged for each measured sample.
Fricke gel dosimetry
Fricke gel dosimeters were manufactured according to the method described elsewhere [23, 24] . Their xylenol orange concentration was set to 70 ppm to reduce any interference with the Ag NPs plasmonic signal. The lyophilized Ag
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NPs product was added to the dosimeters in the desired concentrations. PMMA cuvettes of 10×10×45 mm 3 were used as dosimeters containers. Dose-response was characterized by means of optical methods.
X-ray irradiations
Two different setups were used in this study. Firstly, the feasibility of using 
Results and discussion
Reaction product and purification process 135
In order to study the reaction product, a DLS analysis was carried out and As previously described, a purification process was required to eliminate 150 the remaining inorganic salt and to obtain a suitable product for gel dosimetry applications. Therefore, dialysis and freeze drying process of the synthesis product were carried out. In order to check if size distribution was not modified by these purification processes, mean particle sizes of the reaction product before and after each process were measured by TEM. The results are presented in 155 Figure 3 confirming that no significant changes in the mean particle size were observed in the dialysis process detecting only a loss of the smaller particles, thus resulting in a narrower size distribution changing their mean particle size from 7.81 to 8.50 nm. The lyophilization process didn't have any influence over the mean particle size distribution. With these results it is demonstrated that 160 the purification process has no significant effect on the homogeneity of the Ag NPs suspension.
Particle size distribution from TEM images
In order to analyze the effect of synthesis variables in the use of Ag NPs in theranostics, it is necessary to have a properly description of the particle's size 165 distribution. Particle size histograms were obtained from TEM images for each synthesis product by means of the previously described method. This method relays on contrast differences in TEM images, in which a minimum area needs to be specified to avoid including image noise as particles. The minimum particle area was set to 9 nm 2 , the sensitivity analysis of this parameter is included as study, these models were tested on different samples. The fitting was assessed by the Kolmogorov-Smirnov test [22] . Figure 4 shows the results for the different models on sample G2, where a three-parameter distribution (Burr Type XII) was also included for comparison purposes. A probability plot, a plot that includes a reference line useful for judging whether the data follows the distribution, was 
As suggested by other authors [25, 20] , the best fit to represent the area equivalent diameter of most of the obtained particles is the Lognormal dis-185 tribution, which has the best p-value (0.4759) among the four fitted functions.
Therefore, a Lognormal distribution was used to fit the particle size distribution of all samples, except for those whose p-values were lower than 0.05. Obtained results for all samples analyzed in this study are detailed in Table 2 . For theranostic applications it is desirable to have uniformly distributed NPs in the whole target volume. Hence, smaller particles size and narrower distributions are preferred and synthesis conditions that lead to such characteristics should be used.
UV-Vis spectroscopy
Typical spectral UV-Vis curves of Ag NPs colloidal suspensions are shown 195 in Figure 5 . Their characteristic band of surface plasmon resonance appears centered near 420 nm, which supports the formation of Ag NPs. Also, the extinction maximum value and shape of the spectrum can be associated with the total surface area of nanoparticles [26] . Nevertheless, a quantitative analysis of the particles size distribution can not be made directly from this type
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of results and only some qualitative information can be obtained from them.
For example, the average mean size of the nanoparticles has a direct relationship with the wavelength where the maximum in the extinction peak is located, obtaining larger wavelengths for larger particles. Moreover, the height of the extinction peak is intimately related to the total surface of nanoparticles, thus 205 a higher nanoparticles content or a smaller size leads to a higher total surface and consequently to a higher extinction peak. Figure 5 a) shows that the surface plasmon resonance band linearly increases together with the reaction time, which is associated to the fact that a higher number of Ag NPs leads to a greater specific surface area. In addition, Figure 5 b) exhibits that the extinction value 210 increases while the maximum wavelength decreases when a longer reaction time is used. Therefore, a higher Ag NPs amount with a lower size was obtained.
This behavior could be related to the fact that nucleation kinetics are higher than that of particle growth processes under these conditions. Before thermal process the amino group of gelatin gets complexes with the silver ions, placing 215 the latter into reaction center. These complexes of silver ion/gelatin avoid the ions diffusion during Ag NPs formation, which favors the nucleation process. 
Assessment of synthesis variables
In the following subsections, extinction peak height and its corresponding wavelength are analyzed together with TEM results and synthesis yield to study 220 the effect of the synthesis variables on the final reaction product morphological characteristics.
It is worth pointing out that in TEM analysis samples were dried over TEM grids, hence gelatin particles loose their water content shrinking their volume. the final particles measured by TEM represents the size of dry gelatin particle 225 containing Ag NPs. Therefore, size distributions determined by TEM images suggest larger dimensions than the actual size of Ag NPs.
Effect of reaction time on the synthesis performance
In order to study the influence of the reaction time in the NPs synthesis process, initial silver nitrate concentration was kept constant at 50 mM (ex-230 periments G1-T1 to G2-T3 in Table 1 ). When the reaction time was varied, two different behaviors were observed depending on the gelatin concentration.
The resulting trends and behaviors can be observed in Figure 6 as black trian-gles (8 mM of gelatin) and green circles (16 mM of gelatin), respectively. For the lowest gelatin concentration and shortest reaction time a less homogeneous 235 product with a poor stability was obtained, the overall reaction yield was 12.87 mol-%, indicating that very few Ag NPs were formed. As a consequence, less gelatin complexation with Ag NPs was present leading to less reproducibility and larger deviations in the particle size of the final product, as it can be seen in the TEM analysis in Figure 6 . On the other hand, reaction times larger than 
Synthesis yield as a function of silver nitrate concentration
In these series, gelatin concentration was kept constant at 16 mM (experiments A1 to A3 in Table 1 ). Obtained results are depicted in Figure 8 . Once to obtain a stable product, while values higher than 50 mM of AgNO 3 (a 0.3 molar ratio of gelatin/AgNO 3 ) had no significant effect on the particle size but 265 led to higher reaction yields. For illustrative purposes, TEM images of samples A1 to A3 are shown in Figure 9 .
Gelatin concentration influence in the performance of Ag NPs formation
Two different series were studied for two different silver nitrate concentrations (experiments G1 to G6 in Table 1 ), a value of 50 mM of AgNO 3 was used as the "low concentration value" and of 150 mM as the "high concentration value". In both series, different gelatin concentrations were used while keeping the same molar ratio and reaction times of 15 h. The results are presented in Figure 10 , the synthesis with the lowest concentration led to unstable products with a reaction yield lower than 12.87 mol-%. In this study, two opposite be- 
X-ray applications
In terms of the proposed goals in the present study, the feasibility of using the synthesized Ag NPs in theranostic applications with X-rays was studied and obtained, as reported in Figure 12 b ). According to these results, it may be possible to use emergent radiation to assess practical correlations for the estimation of the concentration and location of Ag NPs aimed at diagnosis purposes.
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Secondly, the difference in the absorbance of Fricke gel dosimeters irradiated below and above silver K-edge was studied. As known, dose enhancement due to secondary electrons is a consequence of excitations of the internal bound of Ag electrons. Therefore, incident X-ray beams with energies capable of exciting Ag Table 3 : Dose-response (absorbance change) for silver nanoparticle-infused Fricke gel dosimeters irradiated above and below silver K-edge. Fricke gel dosimeters being irradiated with incident spectra capable or not of exciting the silver K-edge, as summarized in Table 3 . This table reports absorbance changes averaged over three samples at different wavelengths. As ex- b. The sample of interest and the ascorbic acid solution were mixed in a 1:2.7 volumetric ratio and kept at 25 in a dark room for 60 minutes.
Within this time, the reduction of the silver ions with ascorbic acid took place. Due to the relative expected concentration, all the silver ions were consumed and turned into metallic silver according to the following stoichiometry: When the the reaction product was analyzed, in order to separate the Ag NPs from silver ion solution, the sample was previously centrifuged for 30 minutes at 8000 rpm.
Appendix B. Sensitivity analysis of the minimum particle size 365 The method used to obtain the particle size distribution from TEM images relays on image contrast differences for particle identification. Since NPs obtained in this study are contained in a gelatin matrix, in some cases particles were identified in regions where only gelatin was present. This limitation was noticeable for particles with a diameter lower than 5 nm. Therefore, the effect of and not representative of the distribution in the sample. On the other hand, if the minimum particle is too large many particles form the distribution becomes omitted and the distribution shape also becomes not representative of the whole sample. A compromise situation exists, in this study a minimum size of 9 nm 2 was selected, because of the high obtained p-value and also due to the and on the right the result of ImageJ particle analysis with different minimum particle areas:
for 3 nm 2 all particles (whites, greens and yellows) were detected, for 7 nm 2 particles number from 1 to 19 were omitted (in yellow) and for 11 nm 2 also particles from 20 to 24 were omitted (in green). Figure B.14: Histograms and Lognormal fits for sample G2 with minimum particle area 3 nm 2 (a), 7 nm 2 (b), 9 nm 2 (c) and 11 nm 2 (d). stabilization on the trend of particle number and area equivalent average mean diameter with the variation on the minimum particle area observed for that value.
